To study delayed genetic and epigenetic radiation effects, which may trigger radiation-induced carcinogenesis, we have established single-cell clones from irradiated and non-irradiated primary human fibroblasts. Stable clones were endowed with the same karyotype in all analyzed metaphases after 20 population doublings (PDs), whereas unstable clones displayed mosaics of normal and abnormal karyotypes. To account for variation in radiation sensitivity, all experiments were performed with two different fibroblast strains. After a single X-ray dose of 2 Gy more than half of the irradiated clones exhibited radiation-induced genome instability (RIGI). Irradiated clones displayed an increased rate of loss of chromosome Y (LOY) and copy number variations (CNVs), compared to controls. CNV breakpoints clustered in specific chromosome regions, in particular 3p14.2 and 7q11.21, coinciding with common fragile sites. CNVs affecting the FHIT gene in FRA3B were observed in independent unstable clones and may drive RIGI. Bisulfite pyrosequencing of control clones and the respective primary culture revealed global hypomethylation of ALU, LINE-1, and alpha-satellite repeats as well as rDNA hypermethylation during in vitro ageing. Irradiated clones showed further reduced ALU and alpha-satellite methylation and increased rDNA methylation, compared to controls. Methylation arrays identified several hundred differentially methylated genes and several enriched pathways associated with in vitro ageing. Methylation changes in 259 genes and the MAP kinase signaling pathway were associated with delayed radiation effects (after 20 PDs). Collectively, our results suggest that both genetic (LOY and CNVs) and epigenetic changes occur in the progeny of exposed cells that were not damaged directly by irradiation, likely contributing to radiation-induced carcinogenesis. We did not observe epigenetic differences between stable and unstable irradiated clones. The fact that the DNA methylation (DNAm) age of clones derived from the same primary culture varied greatly suggests that DNAm age of a single cell (represented by a clone) can be quite different from the DNAm age of a tissue. We propose that DNAm age reflects the emergent property of a large number of individual cells whose respective DNAm ages can be highly variable.
Introduction
Ionizing radiation plays an important role in medical diagnostics and cancer treatment. Although radiation therapy is targeted to the tumor, it also affects surrounding healthy tissue. Secondary malignancies can manifest as late complications of radiotherapy [1] . Both direct DNA damage (i.e. base damage, single-and double-strand breaks, and DNA-protein crosslinks) in the exposed cells themselves and genome instability in the descendants of cells without direct DNA damage may contribute to radiation-induced carcinogenesis. Numerous in vitro and in vivo studies have shown that radiation-induced genome instability (RIGI), defined by different endpoints (gene mutations and amplifications, cytogenetic abnormalities, micronuclei, and/or delayed cell death) occurs in cells several generations after exposure to low and high-linear energy transfer [2] [3] [4] . Although different mechanisms including oxidative stress by mitochondrial dysfunction, cytokine secretion and inflammatory type reactions have been proposed [5] [6] [7] , the factors for translating the effects of radiation to the non-exposed descendants of irradiated cells remain to be elucidated.
Epigenetic modifications are primary candidates for a radiation memory, which can be transmitted throughout many cell divisions to the clonal progeny of an exposed cell. Previously we have shown that global DNA methylation remains rather stable in normal body cells (primary fibroblasts) within the first cell cycle after irradiation [8] . Accumulating evidence suggests that irradiation is associated with global and gene-specific DNA methylation alterations several population doublings (PDs) after radiation exposure [9] [10] [11] [12] [13] [14] . This is consistent with the idea that irradiation interferes with the epigenetic maintenance system. Similar to RIGI, radiation-induced epigenetic instability may play a major role in carcinogenesis among survivors of cancer therapies.
Epigenetic processes are crucial for maintaining cellular homeostasis. Promoter methylation during development, differentiation, and disease processes leads to an inactive chromatin structure, whereas gene body methylation is associated with active genes [15] . In addition, methylated CpGs are enriched in repetitive DNA elements to prevent retrotransposition activity [16] . DNA methylation is dramatically altered in cancer cells, interfering with genome stability. Both silencing of tumor suppressor genes by promoter hypermethylation and reactivation of retrotransposons by repeat hypomethylation cause genome instability [17, 18] . Compared to methylation, hydroxymethylation is a relatively rare DNA modification that is found in different mammalian tissues with the highest concentration in brain [19] . Oxidation of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC) is catalyzed by the TET family of enzymes and may be involved in epigenetic gene regulation [20] .
To study epigenetic instability in normal body cells with intact DNA repair and cell cycle checkpoints, we have established single-cell clones from irradiated and non-irradiated human embryonal fibroblast strains. Chromosome banding analysis was performed after 20 PDs to identify stable and unstable clones. Epigenetic changes between control clones and the respective primary fibroblast culture are the result of in vitro ageing. Comparison of irradiated vs. control clones and stable vs. unstable clones reveals radiation-induced epigenetic effects which may contribute to RIGI and carcinogenesis. In addition to global and genespecific methylation patterns, we have screened clones for de novo copy number variations (CNVs). CNVs have been associated with various human diseases including cancer [21, 22] . In contrast, little is known about the role of radiation-induced CNVs in carcinogenesis. Irradiation of transformed fibroblasts induced CNVs in a dose-dependent manner with hotspots in regions sensitive to replication stress [23] .
Material and methods

Cell culture
Human primary fibroblast strains were established from excess materials of amniocenteses from two human male fetuses without phenotypic and chromosomal abnormalities. Cells were cultured in T25 flasks in Chang Medium with L-glutamine (Irvine Scientific, CA, USA) at 37°C in an incubator with 5% CO 2 atmosphere. Medium was changed one day before irradiation. Subconfluent cultures were exposed at room temperature to a single X-ray dose of 2 Gy (8 Gy/min) using a Siemens Primus L linear accelerator (Siemens, Concord, CA, USA). Twenty-four hours after irradiation 300 cells each were plated in 100 mm petri dishes. Non-irradiated cells were plated as controls. Cells were grown until colonies became visible. Individual colonies were isolated using cloning rings and serially expanded, first in well plates and then in culture flasks. After expansion for 20 PDs, cells from single-cell clones were harvested for DNA isolation and chromosome preparation.
Classical and molecular cytogenetic analyses
Chromosomes were prepared from exponentially growing fibroblast cultures and analyzed by G-banding [24] , using conventional techniques. Metaphases were systematically scored for chromatid and chromosome breaks, terminal and interstitial deletions, inversions, translocations, isochromosomes, derivative chromosomes, additional material of unknown origin, and aneuploidies. Clones with a normal karyotype in all (at least 10) analyzed metaphases were considered as stable and clones presenting a mixture of cells with different (usually normal and abnormal) karyotypes as unstable. If the same aberration, i.e. a translocation was found in all cells of a given clone, it resulted from direct DNA damage in the irradiated cell. Then the clone was classified as stable or unstable depending on the remaining chromosomes. To avoid misclassifications due to metaphase spreading artefacts, monosomies were only considered as radiation-induced aneuploidy if the same chromosome was lost in at least three metaphases of a given clone.
Interphase fluorescence in situ hybridization (FISH) was performed with the CEP X SpectrumOrange/Y SpectrumGreen DNA Probe Kit (Abbott Laboratories, Illinois, USA), using standard FISH protocols [25] . Chromosome-specific alpha satellite DNA (DXZ1) at the X centromere and satellite III DNA (DYZ3) at the Y long arm allowed rapid enumeration of sex chromosomes in interphase nuclei.
Genomic DNA was isolated with the Quick-gDNA MiniPrep Kit (Zymo Research, Irvine, CA, USA). DNA concentration was quantified using a Qubit Fluorometer (ThermoFisher Scientific, Waltham, USA). HumanCytoSNP-12 DNA BeadChips (Illumina, San Diego, CA, USA) were used to assess CNVs in irradiated and non-irradiated fibroblast clones. Assays were performed according to manufacturer's instructions with 250 ng genomic DNA each. BeadChips were scanned with an Illumina iScan. cnvPartition/GenomeStudio Software (Illumina) and BlueFuse Multi Software (Illumina) were used for CNV calling. Chromosome ideograms were generated with the PhenoGram visualization tool (http://visualization.ritchielab.psu.edu/phenograms/plot).
Multiplex ligation-dependent probe amplification (MLPA) [26] with the SALSA MLPA probemix P063-B1 FHIT-WWOX (MRC-Holland, Amsterdam, The Netherlands) and 60 ng input DNA were used to determine copy number changes affecting the FHIT gene. The resulting PCR products were separated by capillary electrophoresis on an ABI 3130XL Genetic Analyzer (Applied Biosystems, Darmstadt, Germany). Data were analyzed using Coffalyser.Net software (MRC-Holland, Amsterdam, Netherlands).
Bisulfite pyrosequencing
Bisulfite conversion of genomic DNA (500 ng aliquots) was performed with the EZ DNA Methylation kit (Zymo Research) according to the manufacturer's protocol. For ALU, LINE-1, and alpha-satellite DNA, first a multiplex PCR amplifying all three repetitive elements was carried out, followed by separate second-round nested PCRs for ALU, LINE-1, and alpha-satellite DNA [8] . In addition, two amplicons were generated from the rDNA promoter, region 1 covering the distal rDNA promoter and region 2 the core promoter element and the upstream control element [27, 28] . The PyroMark Assay Design 2.0 software (Qiagen, Hilden, Germany) was used to design PCR and sequencing primers (Supplementary Table S1a ). Amplifications were performed with an initial denaturation step at 95°C for 5 min, followed by a repeat-specific number of cycles of 95°C for 30 s, specific annealing temperature for 30 s, 72°C for 45 s and a final extension step at 72°C for 5 min (Supplementary Table S1b-d). Bisulfite pyrosequencing was done on a PyroMark Q96MD pyrosequencing system (Qiagen) using the PyroMark Gold Q96 CDT reagent kit (Qiagen). The Pyro Q-CpG software (Qiagen) was used for data analysis.
Methylation array analysis
Samples were run on Infinium HumanMethylation450K BeadChips (Illumina) and scanned with an iScan following the manufacturer's instructions. More than 485,000 CpG sites were targeted, covering 96% of CpG islands (CGIs) and 99% of RefSeq genes with promoter, first exon, gene body, 5' and 3' untranslated regions (UTRs). Array data (NCBI Gene Expression Omnibus no. GSE112877) were analyzed with the Chip Analysis Methylation Pipeline (ChAMP) [29] . Data were loaded from idat files with the champ.load() function which is utilizing minfi and some filtering steps [30] . Probes with a detection p > 0.01, less than three beads in at least 5% of samples, non-CpG cytosines, known SNPs [31] , multi-hits, and localization on X and Y were removed. After quality control checks the default type-2 probe correction method betamixture quantile (BMIQ) was used for normalization [32] . Batch effects were detected with the singular value decomposition method and corrected with Combat as implemented in the Surrogate Variable Analysis package [33] . Differentially methylated positions (DMPs) were identified with the champ.DMP() function, implementing the limma package. P values for differential methylation were calculated using a linear model [34, 35] . All p values have been corrected for multiple testing using the Benjamini-Hochberg method [36] .
Epigenetic skin and blood clock
The original epigenetic clock is defined as a weighted average across 353 CpG sites and is a multi-tissue predictor of age allowing the estimation of the DNA methylation (DNAm) age of most tissues and cell types. However, in dermal fibroblasts DNA methylation age is poorly calibrated [37] . A newly developed DNA age estimator for skin and blood cells was used that is based on 391 CpGs and applies to various cells including fibroblasts, keratinocytes, buccal cells, and blood cells [38] . The resulting age estimate is referred to as "DNAm age" or "epigenetic age". The output age estimates are in units of years and were multiplied by 365 to get them in units of days.
Statistical analyses
Statistical analyses were performed using SPSS statistics 24 (IBM, Armonk, NY, USA). P values below 0.05 were considered as significant. Fisher´s exact test was used to compare the rate of stable vs. unstable clones and the frequency of clones with LOY between irradiated and non-irradiated cells. It was also used to test for enrichment of radiationinduced CNVs in regions that have been linked to fragile sites [39] . The nonparametric Mann-Whitney U test was used to compare the frequency of aberrant metaphases and CNVs per clone between groups. The Kolmogorov-Smirnov test was used to compare CNV size distribution between stable and unstable clones. Spearman rank correlation was used to measure the strength of association between two variables. For pyrosequencing and DNAm age data, the one-sample Wilcoxon signed rank-test was used to compare control clones and mass culture and the Mann-Whitney U test to compare control and irradiated clones. Levene's test was used to compare the variances of DNAm age between control and irradiated clones. Gene set enrichment analysis was done using the Enrichr tool (http://amp.pharm.mssm.edu/Enrichr/) [40, 41] .
Results
Classical chromosome analyses
Following irradiation with 2 Gy, cells from two male human fibroblast strains were clonally expanded for 20 PDs and at least 10 (on average 13) metaphases per clone were analyzed by classical Gbanding. Clones derived from non-irradiated cells of the same two strains were used as controls for the effects of in vitro ageing. Altogether we obtained 37 clones from irradiated cells and 12 control clones from strain 1. The majority (27 of 37; 73%) of irradiated clones was unstable, whereas most (9 of 12; 75%) control clones were stable. As expected, unstable clones were significantly (Fisher's exact test; p = 0.005) more frequent after irradiation. Similarly, 10 of 19 (53%) clones from irradiated cells but only 3 of 10 (30%) control clones derived from strain 2 were unstable. On average, strain 1 displayed 1.6 aberrant metaphases per clone in irradiated clones, compared to 0.3 in control clones (Mann-Whitney U test; p = 0.003). Strain 2 was endowed with 1.3 aberrant metaphases per clone in irradiated clones and 0.4 in controls. In both strains and in both stable and unstable clones, the most frequently (40-60%) observed aberrations were chromatid and chromosome breaks. In strain 1 the number of observed aberrations correlated with chromosome size. In strain 2 50% of aberrations affected chromosomes 1, 5, 7, and 12.
Loss of chromosome Y (LOY)
It is noteworthy that 3 of 19 irradiated clones (but none of the control clones) of strain 2 showed LOY in all analyzed metaphases. LOY was not observed in strain 1. None of the 78 clones from both strains analyzed by G-banding showed comparable loss of the X chromosome or an autosome. To provide additional evidence for radiation-induced LOY, 68 independent clones from irradiated cells and 32 control clones, which had not been used for G-banding, were analyzed by interphase FISH with X and Y enumeration probes. Clones with more than 10% (of at least 200 analyzed) nuclei without a Y signal were considered as LOY-positive. Using this classification, 2 of 41 (5%) irradiated clones from strain 1 and 6 of 25 (24%) from strain 2 but none of the control clones showed LOY (Fig. 1) . Consistent with the results of G-banding, strain 2 appeared to be more prone to LOY, exhibiting a significant difference (Fisher's exact test, p = 0.017) between irradiated and control clones. None of the analyzed clones showed mosaic loss of the X chromosome.
Copy number variation
To detect submicroscopic deletions and duplications, 36 irradiated clones (10 stable and 26 unstable) and 10 control clones (7 stable and 3 unstable) from strain 1 as well as 36 irradiated clones (9 stable, 10 unstable, and 17 unclassified) and 12 control clones (7 stable, 3 unstable, and 2 unclassified) from strain 2 were analyzed with HumanCytoSNP-12 DNA BeadChips. All clones derived from strain 1 were endowed with microduplications in chromosome 9q34.11 and 11p15.4, clones from strain 2 with CNVs in 2p11.2, 3p13, 11p11.21, 14q32.33, and 16p13.2. These strain-specific CNVs were already present in the primary cultures. Only de novo CNVs, which arose after irradiation during single-cell cloning and are, therefore, specific for an individual clone(s) were considered for further analysis (Supplementary  Table S2 ). On average 0.2 de novo CNVs per clone were detected in control clones of strain 1 and 0.08 in strain 2. The de novo CNV rate was approximately threefold increased in irradiated clones of strain 1 and eightfold in strain 2. In strain 2 there was a significant (MannWhitney U test, p = 0.009) difference between irradiated and control clones (Fig. 2) Table S2 ) did not reveal significantly enriched pathways. Fig. 3 shows the chromosomal distribution of the 47 identified de novo CNVs (44 in irradiated and 3 in control clones). There is an obvious clustering of independent CNVs in chromosome 3p14.2 and 7q11.2, coinciding with the cytogenetic localization of the common fragile sites 3B and 7J. Clusters were defined by overlapping or closely adjacent (within 1 Mb) CNVs. In addition, the fragile sites 1I, 4D, 6B, 8D, 10C, and 10F were associated with 1-2 CNVs each. Consistent with a previous study [23] , our results suggest that chromosome 7q11.2 is particularly susceptible to radiation-induced chromosome instability. However, only 1 of 6 radiation-induced microdeletions involving 7q11.2 and a closely adjacent microdeletion in 7p12.1-7q11.1 contained genes (Supplementary Table S2 ). Notably, three radiationinduced CNVs (two microdeletions and one duplication) overlapped with chromosome 3p14.2, two of them including sequences of the fragile histidine triad (FHIT) gene in FRA3B. An additional microduplication was observed in 3p14.1. Interestingly, all three CNVs affecting 3p14.2 and directly or indirectly the FHIT gene were found in unstable clones. Therefore, we analyzed FHIT copy number by MLPA in 74 independent irradiated clones and identified one additional clone with a heterozygous loss of FHIT exon 4. Unfortunately, there was not enough material available to classify this clone by G-banding or array analysis.
DNA methylation of repetitive elements
Prolonged culture of primary fibroblasts is commonly used as in vitro model system for cellular ageing [42, 43] . To study the effects of in vitro ageing, global methylation of different repetitive elements (ALU, LINE-1, alpha-satellite, and rDNA) was compared between control clones at 20 PDs (12 of strain 1 and 20 of strain 2) and the respective primary cultures (duplicates) ( Table 1) . For both strains, average methylation levels of ALU, LINE-1, and alpha-satellite DNA were significantly reduced in control clones compared to primary culture. With 4.9% in strain 1% and 6.9% in strain 2, age-related hypomethylation was most pronounced (Wilcoxon signed rank-test; p = 0.004 and p < 0.001) for alpha-satellite DNA. ALU methylation levels were reduced by 0.8% (p = 0.012) and 0.7% (p = 0.005), LINE-1 by 2.4% (p = 0.010) and 1.9% (p = 0.002) in strain 1 and 2, respectively. In contrast, rDNA promoter methylation increased with in vitro ageing in both strains. 3.6% (p = 0.005) and 1.8% (p = 0.001) increments were observed in region 1 and 5.0% (p = 0.003) and 3.0% (p < 0.001) in region 2.
To study radiation effects, irradiated clones (34 of strain 1 and 26 from strain 2) were compared to control clones (12 and 20, respectively) ( Table 1 ). In irradiated clones of strain 1, ALU methylation was decreased by 0.9% (Mann-Whitney U test, p = 0.015) and alpha-satellite DNA methylation by 5.4% (p < 0.001). rDNA promoter methylation was increased by 1.2% (region 1) and 1.3% (region 2), showing a trend difference (p = 0.068 and p = 0.061, respectively). In strain 2, changes were in the same direction but not significant. When comparing stable and unstable irradiated clones from strain 1 (9 vs. 25) and strain 2 (9 vs. 10), none of the analyzed repeat families revealed a significant between-group difference.
Methylation arrays
The same clones and primary cultures that have been analyzed by bisulfite pyrosequencing were used for methylation array analyses. Comparison of control clones and primary culture revealed 6277 significant (FDR-adjusted p < 0.05) DMPs (4566 annotated to 3396 different genes) and 19,281 DMPs (13,452 annotated to 7138 genes) for strain 1 and 2, respectively. The 1131 DMPs (Supplementary Table S3 ) that were differentially methylated in both strains were used for further analysis. The β differences of overlapping DMPs in strain 1 and 2 were positively correlated (Spearman-Rho 0.7, p < 0.001). Enrichment analysis of the 667 genes annotated to overlapping DMPs revealed several pathways with a FDR-adjusted p < 0.08 (Table 2) . "Focal adhesion", "RAS signaling", "PI3K-AKT signaling", "AMPK signaling", "synaptic vesicle cycle", "central carbon metabolism", and "galactose metabolism" all have been associated with ageing and/or ageing-related diseases in the literature [44] [45] [46] [47] [48] [49] [50] [51] [52] . Sixteen of the 667 genes with in vitro ageing-related DMPs (A2M, AKT1, ATM, BRCA1, FGFR1, HIC1, HOXC4, HSF1, IGF1R, IRS1, KCNA3, NCOR2, NUDT1, PPARGC1A, RB1, and RECQL4) in our study are also contained in a list of 307 genes in the Ageing Gene Database (http://genomics.senescence.info/genes/), which is a significant (Fisher's exact test; p = 0.047) overlap.
The comparison of irradiated vs. control clones is consistent with large epigenetic drift after irradiation. Strain 1 displayed 34,515 radiation-sensitive DMPs (24,152 annotated to 10,872 genes) with an FDR-adjusted p < 0.001. Enrichment analysis of 2757 genes with at least 2 DMPs yielded 62 significant (FDR-adjusted p < 0.05) pathways. The top 10 including "pathways in cancer" and different (Calcium, Rap1, PI3K-Alt, MAPK, and Ras) signaling pathways are presented in Table 2 . Consistent with interindividual differences in the cellular response to radiation-induced damage [53] , only 4452 significant DMPs (3324 annotated to 2761 genes) with an FDR-adjusted p < 0.05 were identified in strain 2. In both strains > 60% of DMPs were hypomethylated in irradiated clones. A limited number of 396 DMPs (annotated to 259 genes) was overlapping in both strains (Supplementary Table S4 ). There was a positive correlation (SpearmanRho 0.2, p < 0.001) between the corresponding β values in strain 1 and 2. Genes associated with the "MAPK signaling pathway" were significantly (FDR-adjusted p = 0.02) enriched in these 259 overlapping genes. Comparison of the methylation data sets from unstable vs. stable clones did not reveal any significant DMPs.
DNA methylation age
DNAm age is known to correlate strongly with chronological age across a broad spectrum of tissues and cell types and applies to the entire age range (from fetal development to centenarians) [37] . According to the new epigenetic clock for skin and blood cells [38] , fetal fibroblasts from primary cultures displayed a negative mean DNAm age of − 228 ± 24 days in the first and − 209 ± 1 days in the second strain. After 20 PDs control clones exhibited increased mean DNAm ages of − 206 ± 37 days and − 160 ± 112 days, respectively, showing a trend towards significance (Wilcoxon signed rank test; p = 0.084 and p = 0.057). Irradiated clones had a mean DNAm age of − 198 ± 86 days and − 138 ± 123 days, being on average 8 days and 22 days older than the respective control clones (Fig. 4) . Notably, there was an enormous variation of DNAm age between clones (all at 20 PDs) in both the control (range − 271 to − 160 days in strain 1 and − 251 to 258 days in strain 2) and the irradiated group (− 324 to − 31 days in strain 1 and − 306 to 200 days in strain 2). For strain 1, the variances of control clones and irradiated clones were significantly (Levene's test; p = 0.003) different. This is consistent with the view that irradiation increases DNAm age variation between clones. In fact some clones at 20 PDs were epigenetically younger than the respective primary culture. Compared to stable clones, unstable clones were on average 40 days younger in strain 1 and 67 days younger in strain 2 (Mann-Whitney U test; p = 0.216 and p = 0.068). In stable clones the DNAm age ranged from − 324 to − 53 days in strain 1 and from − 281 to 30 days in strain 2. Unstable clones displayed DNAm ages from − 312 to − 31 days in strain 1 and from − 306 to 30 days in strain 2.
Discussion
Limitations
Tumorigenesis is a multistep process, involving an accumulation of genetic and epigenetic alterations in multiple genes [54, 55] . To study radiation-induced changes during clonal evolution of irradiated normal body cells, we have used an in vitro model based on single-cell clones from irradiated primary fibroblasts. Single-cell clones from non-irradiated cells of the same strains served as controls for ageing-related alterations. Following irradiation with 2 Gy the number of unstable (continued on next page)
clones was higher than that of stable clones, indicating that RIGI is a frequent event. However, neither cytogenetic (LOY, CNVs) nor methylation (global and gene-specific) analyses revealed a significant difference between stable and unstable clones (classified by G-banding). Although this may be partially due to the fact that single-cell cloning is time-consuming and, therefore, only a limited number of clones could be analyzed, large epigenetic effects underlying RIGI can be excluded. Stochastic factors may play a major role in the cellular decision whether or not to become unstable. Using different endpoints (number of CNVs, LOY, and radiationassociated DMPs), radiation-sensitivity differed between the two analyzed strains. This interindividual variation in radiation risk is generally assumed to be due to (epi)genetic variation modulating cellular responses to radiation-induced DNA damage [53] . Several rare cancer predisposition syndromes due to pathogenic mutations in DNA repair genes, such as ataxia-telangiectasia and Nijmegen breakage syndrome, are characterized by an increased radiosensitivity leading to adverse reactions to radiotherapy [56] . More common variants in DNA repair genes can modulate DNA damage response and radiation sensitivity [57, 58] . A number of CNVs (mainly duplications), likely affecting the function of DNA repair pathways were found to be enriched in cell lines from radiation-sensitive patients with undiagnosed disease [59] . One of the genes in these radiosensitivity-associated CNVs is CDKN1C, an inhibitor of several G1 cyclin/Cdk complexes and cell proliferation. Mutations and paternal duplications involving CDKN1C cause BeckwithWiedemann, an overgrowth and cancer predisposition syndrome [60] . Our primary fibroblast strain 1 displayed a gain in chromosome 11p15.4 (2,904,010-2,906,824 bp) including CDKN1C, whereas strain 2-specific CNVs did not overlap in gene content with radiosensitivityassociated CNVs (data not shown). This CDKN1C copy number variation may contribute to the different radiation responses of both strains.
Because bisulfite treatment (without an additional oxidation step) cannot discriminate between 5-mC and 5-hmC, the described epigenetic changes may also include hydroxymethylation. However, using an ELISA-based assay we have previously shown that the global 5-hmC level in primary fibroblast (0.03-0.18‰) is two orders of magnitude lower than that of 5-mC (1.0-1.7%) [8] . Moreover, the 5-hmC content rapidly decreases when tissue cells are expanded in cell culture [61] . Thus, the vast majority of age-and radiation-induced changes in our study reflect gains and losses of 5-mCs.
Genetic changes
The most frequently observed cytogenetic abnormalities in unstable clones were chromatid and chromosome breaks, resulting from unrepaired double-strand breaks. The increased frequency of chromatid/ chromosome breaks in tumor cells and in cells from cancer-prone individuals has been associated with compromised DNA repair [62, 63] . Consistent with earlier observations [64] [65] [66] , chromosomes 1, 5, 7, and 12 were frequently affected. This increased sensitivity may be related to chromosome size and interphase nuclear organization [67] .
Both G-banding and FISH analyses revealed an increased rate of LOY in irradiated clones, in particular of strain 2. Clones with LOY displayed a variable proportion of cells (11-100%) without Y chromosome, suggesting that aneuploidy occurred either directly in the irradiated cell (two clones) or more frequently (9 clones) at different time points during clonal expansion. In this light, mosaic LOY can be considered as a new end point of RIGI. We did not observe a comparable mosaic loss of specific autosomes or the X chromosome in independent clones. Apart from sex determination and spermatogenesis, the Y chromosome was long considered as genetic wasteland. However, its role in complex disease pathogenesis may have been underestimated. LOY in blood cells was increasing with male age [68] . More recent studies have associated LOY in ageing men with smoking [69] , Alzheimer disease [70] , increased disease risk and all-cause mortality [71] , shorter survival and increased cancer risk [72] . In addition, the Y is one of the most commonly deleted chromosomes in a variety of cancers [73] [74] [75] . Transfer of a Y chromosome into a human prostate cancer cell line lacking this chromosome suppressed tumorigenicity in athymic nude mice [76] . TMSB4Y was identified as a candidate tumor suppressor on the Y chromosome [77] . Previously, it has been shown [78] that exposure to high levels of natural background radiation leads to increased frequency of microdeletions/duplications involving Y-linked genes in the AZF locus (but not their autosomal homologues) in blood cells. Collectively, these results promote the idea that radiation leaves a specific signature on the Y chromosome that may contribute to radiation-induced carcinogenesis in males. In addition to cytogenetically visible changes, irradiation induced de novo CNVs in the progeny of exposed cells (0.46-0.7 CNVs per clone). A low number of CNVs (0.1-0.2 per control clone) is due to in vitro ageing for 20 PDs. Several previous studies described radiationinduced CNVs in immortalized or tumor cells [23, [79] [80] [81] [82] . CNV frequency was increasing with radiation dose. The offspring of irradiated mice showed an elevated number of CNVs which arose in the paternal germ line [83] . Consistent with a study on TERT-transformed human fibroblasts [23] , we observed a clustering of radiation-induced CNVs in specific chromosome regions of primary fibroblasts. The breakpoints overlapped with common fragile sites, which are induced by replication stress (aphidicolin and hydroxyurea treatment). Overall, 10 radiation-induced CNVs were congruent (overlapping or separated by < 1 Mb) between both studies. Several radiation-induced CNVs overlapped with genes (e.g. ABCC5, ALDH3A1, BCL6, BTG2, CASP3, CCDC6, CHI3L1, EGFR, FHIT, MEG3, MIR34A, and PCDH7) involved in tumorigenesis, however there was no enrichment for cancer-related pathways.
It was previously shown that FRA3B expression can be induced by high-dose X-irradiation in cancer cells [84] . We found three unstable clones and one unclassified clone with CNVs overlapping or closely juxtaposed to the FHIT gene. Genetic alterations of FHIT caused by breaks in FRA3B are common in a variety of human cancers [84, 85] . The presence of FHIT alterations in precancerous lesions [86] [87] [88] is consistent with a role in early stages of cancer development. The higher frequency of FHIT loss in lung tumors from heavy smokers compared to non-smokers promotes the idea that this gene is sensitive to environmental carcinogens [89] . Fhit knockout mice are prone to develop spontaneous and carcinogen-induced tumors [90, 91] . Loss of FHIT expression leads to reduced dTTP levels and downregulation of thymidine kinase (TK1) enzyme. The resulting nucleotide imbalance causes replication stress, replication fork stalling and double-strand breaks, initiating genome instability [92] [93] [94] [95] . We propose that disturbed caretaker function of FHIT through radiation-induced CNVs contributes to RIGI and radiation-induced carcinogenesis. Although FRA3B is a hotspot for radiation-induced fragility [81] , the majority of irradiated clones did not exhibit detectable alterations of this region. It is plausible to assume that perturbations of different pathways are involved in destabilization of the genome after irradiation.
Epigenetic changes during in vitro ageing
Human ageing is a complex process that is influenced by genetic, environmental and behavioral factors. Nevertheless, ageing in cell culture is thought to reflect age-related changes that occur in human cells in vivo. Cellular ageing in vitro has been frequently used to study cancer and age-related pathologies [42, 43] . Repetitive elements, which comprise more than half of the human genome [96] , represent a surrogate marker for global DNA methylation changes [97] . DNA methylation changes between control clones (20 PDs) and the primary culture are most likely the result of in vitro ageing. Consistent with previous studies [98, 99] , cellular ageing was associated with global hypomethylation of ALU, LINE-1, and alpha-satellite repeats. In contrast and also consistent with the literature [100] , rDNA methylation increased and, by extrapolation, nucleolar transcriptional activity decreased with ageing. Ribosome biogenesis is critical for cell metabolism, growth, and proliferation. Changes in ribosome-dependent protein synthesis play a critical role in ageing processes [101] .
Methylation arrays identified 667 genes with ageing-related DMPs in both strains. These genes were enriched in pathways that are known to play a role in ageing. Fibroblast activity and focal adhesion in connective tissues decreases with age [45] . Components of the RAS signaling pathway are involved in ageing and metabolic regulation [46, 51] . AMPK [44, 49] and PI3K-Akt signaling [48, 50] have been linked to ageing and longevity. Rodents exposed to galactose have been reported to recapitulate some features of brain ageing [52] . In a conceptually related study [47] on cultured mesenchymal stromal cells 84 CpGs in 78 genes were differentially methylated between early and late passages. Four of these 78 genes (CASQ2, FGFR1, HK1, and SELPLG) also displayed age-related DMPs in our study.
Epigenetic age is at least a passive biomarker of biological age, which is predictive of mortality [102, 103] , cognitive and physical functioning [104] , and a number of age-related pathologies [105] [106] [107] . Consistent with the in vitro ageing model, mean DNA methylation age of control clones was higher than that of the primary culture. Interestingly, after 20 PDs there was considerable variation in epigenetic age between clones from the same primary culture, indicating epigenetic drift between clonal descendants of different cells in a culture or tissue. Since the DNAm age of clones might reflect the DNAm age of a single originating cell, our results promote the idea that single cells have greatly differing DNAm ages. Thus, the DNAm age of a tissue reflects an average across thousands of individual cells whose respective DNAm ages can differ greatly.
Epigenetic changes after radiation exposure
Methylation of ALU and alpha-satellite repeats was significantly decreased in irradiated clones, compared to controls. This global hypomethylation is to some extent reminiscent of the situation in tumor cells [17, 18] . In contrast, rDNA methylation was slightly increased after irradiation. rDNA hypermethylation was also found in a variety of tumors [108, 109] . However, in contrast to normal tissue, promoter methylation during tumorigenesis was not necessarily inversely correlated with rRNA expression, suggesting a more complex dysregulation of rDNA transcription [110] .
Although genome-wide methylation analysis of single-copy loci revealed a marked difference in radiation sensitivity between individuals, 396 differentially methylated CpGs associated with 259 genes were found in both analyzed strains. These radiation-sensitive genes were enriched in the "MAPK signaling pathway", which is already known to play a role in radiation response [111] , radiation sensitivity [112] , bystander effects [113] , and tumorigenesis [114] . "Pathways in cancer" and different cancer-related (Calcium, Rap1, PI3K-Alt, MAPK, and RAS) signaling pathways [115, 116] were among the top 10 of 62 enriched pathways in the more sensitive strain. This promotes the idea that broad epigenetic dysregulation in the descendants of irradiated cells contributes to radiation-induced carcinogenesis.
Similar to tumor samples which are endowed with an enhanced epigenetic ageing rate, compared to their donors [37, 117] , irradiated clones displayed a trend increase in DNA methylation age. Blood epigenetic age has been suggested as a biomarker to predict cancer incidence and mortality [103] . Interestingly, irradiation was also associated with an increased variance and epigenetic drift between clones, compared to controls. DNAm age of unstable clones was lower than that of stable clones. Collectively, our data support the idea that radiation compromises the epigenetic maintenance system and that DNAm age tracks the cumulative work done by an epigenetic maintenance system [37] .
Conclusions
Single-cell clones from primary fibroblast with intact DNA repair and cell cycle checkpoints provide an in vitro model for studying cellular ageing and delayed effects of irradiation, which both are associated with an increased cancer risk. Radiation-induced LOY and CNVs may play an important role in radiation-induced carcinogenesis. In addition, epigenetic dysregulation of cancer-relevant genes and pathways occurs in the clonal descendants of irradiated cells without direct DNA damage. The delayed (genetic and epigenetic) response to irradiation can markedly differ between individuals (fibroblast strains). In this light, it may be possible to use LOY or methylation signatures in exposed healthy cell types/tissues to predict long-term cancer risk of survivors of radiation therapy. Interestingly, it appears that DNAm age of a single cell (represented by a clone) can be quite different from the DNAm age of a tissue. Thus, DNAm age reflects the emergent property (the average) of a large number of individual cells whose respective DNAm ages can differ greatly.
